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Given the limitations of the materials available for photoelectrochemical water splitting,
a multiphoton (tandem) approach is required to convert solar energy into hydrogen
efficiently and durably. Here we investigate a promising system consisting of a hematite
photoanode in combination with dye-sensitized solar cells with newly developed organic
dyes, such as the squaraine dye, which permit new configurations of this tandem system.
Three configurations were investigated: two side-by-side dye cells behind a
semitransparent hematite photoanode, two semitransparent dye sensitized solar cells
(DSCs) in front of the hematite, and a trilevel hematite/DSC/DSC architecture. Based on
the current-voltage curves of state-of-the-art devices made in our laboratories, we found
the trilevel tandem architecture (hematite/SQ1 dye/N749 dye) produces the highest
operating current density and thus the highest expected solar-to-hydrogen efficiency
(1.36% compared with 1.16% with the standard back DSC case and 0.76% for the front
DSC case). Further investigation into the wavelength-dependent quantum efficiency of
each component revealed that in each case photons lost as a result of scattering and
reflection reduce the performance from the expected 3.3% based on the nanostructured
hematite photoanodes. We further suggest avenues for the improvement of each
configuration from both the DSC and the photoanode parts.
I. INTRODUCTION
Since the seminal demonstration of photoelectro-
chemical (PEC) water splitting with TiO2,
1 scientists and
engineers have relentlessly searched for a PEC water-
splitting material combining efficient solar light harvest-
ing, high quantum efficiency, practical durability, and
low cost. However, no single semiconducting material
has yet been found to meet all of these requirements.
While systems delivering high efficiency have been
demonstrated using III-V semiconductor materials with
optimized band gaps and energy levels straddling the
hydrogen and oxygen redox potentials, their cost and
stability are a major disadvantage.2 Oxide semiconduc-
tors such as WO3 and Fe2O3, which have reasonable
band gap energies (Eg) and high stability in aqueous
electrolytes, have also been thoroughly investigated as
photoanodes for water splitting.3,4 The doping and mor-
phology of these materials have been engineered to im-
prove their performance, but the conduction band edge
energies in these semiconducting oxides are intrinsically
too low to evolve hydrogen, and an external bias must
be applied to split water.5 To address this shortcoming,
systems using more than one semiconductor have been
proposed.6 In addition, since oxide semiconductors such
as WO3 and Fe2O3 do not absorb all of the incoming
solar irradiation (Eg = 2.6 and 2.0 eV, respectively),
if they are deposited on a transparent conducting sub-
strate, a portion of the solar irradiation (hn < Eg) will not
be absorbed. Transmitted photons can then be convert-
ed by another photosystem to provide the necessary
potential to complete the water-splitting reaction and
accomplish unassisted solar hydrogen production from
water. This second photosystem is most practically a pho-
tovoltaic (PV) device as photocathode materials typically
suffer from stability issues. In addition, for two-photon
configurations, the upper efficiency limit for a separately
illuminated photocathode–photoanode PEC is approxi-
mately 10%, while for a tandem PEC system it is more
than 18%.6
Any reasonable tandem cell system must be potential-
ly constructed with inexpensive materials and processes
to be a realistic solution to our global energy demand.
Our group has previously focused research efforts on
hematite (a-Fe2O3) as the photoanode material. In addi-
tion to its chemical stability in aqueous environments
and matchless abundance, its band gap of 2.0 eV makes
hematite an ideal photoanode material capable of con-
verting up to 16% of the incident solar energy into
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hydrogen in a tandem cell system.7 In addition, our re-
cent efforts to tune the material properties of hematite
prepared by a simple atmospheric pressure chemical va-
por deposition (APCVD) method has resulted in highly
nanostructured photoanodes that deliver unmatched
photocurrents under standard solar conditions.8 Prepared
on F:SnO2/glass substrates, these hematite photoanodes
transmit solar photons with wavelengths longer than
600 nm to a tandem PV cell. A promising candidate
for this photovoltaic device is the dye-sensitized solar
cell (DSC) as these devices can be produced for one-
third to one-fifth the cost of a conventional silicon solar
cell9 and the absorption range can be tuned by selecting
the appropriate dye.
Ideally in this hematite/DSC water-splitting tandem
cell, only one photovoltaic system would provide the
necessary potential to complete the water-splitting reac-
tion.10 However, because of the large overpotential
needed for water oxidation and other loss processes,
two solar cells are needed to provide enough voltage to
the current state-of-the-art Fe2O3.
8 This triple-junction
photo-rectifier architecture does not fundamentally pro-
vide a limitation to the possible solar-to-hydrogen con-
version efficiency, as less than one-third of the available
solar photons have wave length shorter than 600 nm and
panchromatic dyes with high quantum efficiency extend-
ing past 900 nm are being developed.11 However it does
present a challenge to device construction that has been
addressed by placing two series-connected DSCs abreast
and tandem with the photoanode as shown in Fig. 1(a).12
In this way the two DSCs would be constructed each
with half of the active area of the photoanode to normal-
ize the total area of the device.
Recently, the development of new dyes for the DSC
opens up new possibilities for optimizing light harvest-
ing in these water-splitting tandem cells. All-organic
dyes, such as the squaraine dye, have a narrow absorp-
tion bandwidth extending into the far red region of the
visible spectrum and have demonstrated solar power
conversion efficiencies up to 4.5% under AM 1.5.13 In
addition to considerably reducing costs when compared
with a ruthenium-based dye, two new distinct tandem-
cell configurations become available when using this type
of dye. First we can propose a trilevel tandem device
[Fig. 1(b)]. A Fe2O3/DSC-squaraine dye/DSC-panchromatic
dye configuration would eliminate the need to construct
two DSCs side-by-side. A second possibility with the
squaraine dye is to arrange two-abreast DSCs in front of
a hematite photoanode as in Fig. 1(c). This “front DSC”
configuration is particularly attractive in view of light
harvesting as hematite has a high index of refraction that
increases reflection. In addition, the front DSC approach
would eliminate the need to deposit the photoanode on a
transparent conducting glass and an inexpensive metal
foil support could instead be used. To determine how
these two new hematite/DSC tandem concepts “stack
up,” here we present their investigation compared with
the so-called standard “back DSC” system achieved by
scrutinizing the wavelength-dependant performance af-
ter having evaluated the expected STH conversion effi-
ciencies based on the performance of the actual devices
made in our labs.
II. EXPERIMENTAL
Silicon-doped hematite photoanodes were made by at-
mospheric pressure chemical vapor deposition (APCVD)
from Fe(CO)5 (Aldrich 99.999%) and tetraethoxyl-
ane (TEOS; Aldrich 99.999%) on F:SnO2-coated glass
(TEC15, Hartford Glass) at 420 C as previously reported
in the literature.8 Their current–voltage response under
FIG. 1. Layout of three architectures for a tandem cell using a hema-
tite photoanode and two dye-sensitized solar cells in series. (a) “Back
DSC” configuration. (b) “Trilevel” configuration. (c) “Front DSC”
configuration.
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global AM 1.5 simulated solar irradiation (1000 W/m2)
and in the dark were measured together with their inci-
dent photon conversion efficiencies (IPCEs) at different
potentials in a two-electrode system (with a platinum wire
cathode) to account for all overpotentials and resistances.
The electrolyte was 1 M NaOH (Fluka, pro analysis in
Milli-Q water, 25 C, pH = 13.6) deoxygenated by bubbling
nitrogen.
A detailed methodology of fabricating and character-
izing the dye-sensitized solar cell is well described in
the literature. The dyes were selected to allow a broad
transparency window in the visible spectrum for the first
cell and maximizing the absorption range for the second
cell. A squaraine dye coded as SQ113 and the black dye
(N749)11 were chosen based on their complementary
properties over their absorption spectra. The electrolyte
A614114 was selected for its electrochemical properties
allowing a high current density with low concentration
and therefore high light transmission. The N749 dye and
A6141 electrolyte were synthesized in our labs, and the
SQ1 dye is the courtesy of Pr. F. Nu¨esch, EMPA. Trans-
parent TiO2 layers were used (20 nm particles, synthe-
sized in house) to avoid light scattering. The thickness of
the semiconducting layer in the squaraine-sensitized cell
was carefully optimized to balance in each case between
an improvement of the transmission properties and the
needed photocurrent matching between the series
plugged photosystems. The best result is presented in this
study. The thickness of the black dye-sensitized cell was
selected to match the current of the squaraine cell when
the two devices are superimposed. The current–voltage
responses of these devices were measured under the
simulated AM 1.5G (1000 W/m2). The appropriate de-
vice (hematite photoanode or/and SQ1 DSC) was used as
an incident light filter according to the considered archi-
tecture. The incident photon-to-current efficiencies
(IPCE) were measured under standard (short-circuit)
conditions. The transmittance of each tandem cell com-
ponent was measured by a Hewlett-Packard 8452A diode
array ultraviolet-visible (UV-Vis) spectrophotometer.
III. RESULTS AND DISCUSSION
As suggested by Weber and Dignam6 the operating
water-splitting current density, Jop, in a tandem cell is
estimated by measuring the current–voltage (IV) curves,
separately, of the hematite photoanode and the two
DSCs in series with the actual light incident to that
separate part given its position in the particular tandem
configuration, and then overlapping the IV plots of the
DSCs in series and the photoanode. Figure 2 illustrates
the concept of finding Jop in the ideal case. The operat-
ing potential Uop is defined as the potential that should
be measured at a common node between the PV and
the PEC cell. Next we calculate the overall direct solar-
to-hydrogen efficiency based on the amount of hydrogen




where V is the volume of hydrogen produced (L/scm2),
Jop the operating current density (A/cm
2) at the IV
curves intersection point, Vm is the molar volume of the
gas at STP, F the Faraday constant (96,485 C/mol), n the
number of electrons involved (two in this case). Here we
assume all of the electrons counted in the external circuit
would be involved in the water oxidation and reduction
reactions; that is, no competing electrochemical reac-
tions are occurring. This is reasonable given the stability
of the hematite/base electrolyte system.
While the aforementioned approach gives the expect-
ed hydrogen production rate by each tandem cell, it
gives little information as to the limitations of each sys-
tem. To fully understand the optical limitations of each
system it is judicious to look at the photon-to-current
conversion efficiency of each component separately as a
function of incident wave length [IPCE(l)] over the
solar spectrum. Then the total current density delivered




where JV is the current density at the considered poten-
tial, e is the elementary charge, and Fphoton(l) the inci-
dent photon flux as a function of the wave length. The
last term, Fphoton(l), is easily calculated for each com-
ponent by multiplying the measured transmittance of
FIG. 2. Current–voltage curves for a dye-sensitized solar cell (black)
on top of a hematite photoanode (gray) for ideal case in the dark
(broken lines) and in under illumination (solid lines). Relevant param-
eters of the curves are indicated and described in the text.
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any filtering components (in front of the component in
question) by the global AM 1.5 solar spectral irradia-
tion.15 The IPCE of the hematite photoanode was eval-
uated at the voltage of the IV curve intersection point
potential (Uop). The IPCE of PV and PEC devices is
strongly dependant on the potential at which the
photoelectrochemical cell is operating. The IPCE of the
DSCs at Uop were therefore estimated by measuring
the photocell IPCE under short-circuit conditions. We
then supposed the linearity of the DSCs over illumina-
tion power along with the uniform scaling of the IPCE
(l) at different potentials16 and renormalized the IPCE
to match the calculated currents, Jv, with the current
predicted by the overlapping of the IV curves, Jop, to
account for the difference of the operating potential and
the short-circuit measurement conditions. Finally, the
IPCEs and transmittances were compared in each case
to fully understand the limitations of the studied archi-
tecture and propose routes for optimization. Figures 3
to 5 summarize the principle characteristics of each con-
figuration. Additionally, the photoanode and photovolta-
ic IV parameters along with the operating potential Uop,
operating current density Jop, corresponding dihydrogen
evolution capacity V(H2), and direct solar-to-hydrogen
conversion efficiency %STH (calculated based on the
upper heating value of 286 kJ/mol or 1.45 eV/electron
for dihydrogen) for each tandem architecture are sum-
marized in Table I.
For the standard “back-DSC” configuration we ob-
served an operating current density close to the short-
circuit current density of the DSC (Jop, Jsc = 0.80,
0.85 mA/cm2) but far from the plateau current of the
photoanode (2.67 mA/cm2). This is partly because of
our choice to use the squaraine dye for this configuration
to better compare with the other systems presented.
While this dye, which absorbs light between 600 and
800 nm, is nominally compatible with the band gap of
hematite (600 nm, see Fig. 3, top) in practice we observe
that less than 50% of the solar irradiation is transmitted
through the photoanode to the DSCs at the IPCE max of
650 nm as shown in the bottom panel of Fig. 3. This
unexpected result is caused by light scattering and
reflection from the photoanode and reduces the short-
circuit current of the DSC by 20% over what is observed
under direct solar illumination (see front DSC Jsc). To
investigate improving the light harvesting in DSCs in
this case, we determined the operating potential and
current using the panchromatic black dye in the DSCs
FIG. 3. Optical and electronic characteristics of the “back DSC”
tandem cell. Top panel: Solid line shows incident solar flux. The
IPCE of the hematite (dashed line) is convoluted with the solar flux
to give the electron flux in the photoanode (shaded area). Bottom
panel: The solar flux is convoluted with the transmittance of the
hematite (dotted line) to give the incident irradiance on the DSC
(solid bold line). The irradiance is convoluted with the IPCE of the
DSC (dashed line) to give the electron flux in the photovoltaic device
(shaded area).
FIG. 4. Optical and electronic characteristics of the “front DSC”
tandem cell. Top panel: Solid line shows the incident solar flux. The
IPCE of the DSC (dashed line) is convoluted with the solar flux to
give the electron flux in the DSC (shaded area). Bottom panel: The
solar flux is convoluted with the transmittance of the DSC (dotted
line) to give the incident irradiance on the hematite (solid bold line).
The irradiance is convoluted with the IPCE of the photoanode (dashed
line) to give the electron flux in hematite (shaded area).
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instead of the squaraine dye. In this case we found that,
because of the light reflection and scattering as well as a
deceasing IPCE of the black dye cells in the wavelength
range of 650 to 800 nm, the Jsc of the solar cells only
improved to 1.03 mA/cm2. In addition, because of the
lower Uoc offered by the black dye cells (1.32 V) the
operating potential and current both were reduced (to
1.22 V and 0.61 mA/cm2, respectively) actually lower-
ing the hydrogen production expected in this configura-
tion. As neither the squaraine DSCs nor the black dye
DSCs were able to produce a short-circuit current with
magnitude close to the plateau current of the photoanode
in this case, we can conclude that even using dyes with
tuned absorptions in the orange to far red part of the
spectra, the light lost by reflection and scattering from
the photoanode severely limits the performance of the
standard “back DSC” architecture. However the “front
DSC” configuration [Fig. 1(c)] can potentially eliminate
these lost photons.
When considering this “front DSC” architecture, we
attempted to select parameters of cell construction to
have the maximum transparency possible. We used thin
TiO2 layers made with only 20 nm particles to reduce
scattering and make transparent films, a low concentra-
tion volatile electrolyte, and a dye leaving a wide trans-
parent window in the hematite absorption region. Even
with these factors, we were still able to construct squar-
aine dye cells with an impressive IPCE maximum of
more than 70% at short-circuit conditions (not shown).
Here we observe the photon-to-current conversion of the
dye between 550 and 700 nm. The IPCE plot also shows
a contribution from the TiO2 at wavelengths below
400 nm. Since the hematite photoanode has low quan-
tum efficiency between 550 and its band gap of 600 nm,
and few solar photons are available at wavelengths be-
low 400 nm, the squaraine dye cell seems ideally suited
for the front DSC architecture. Despite this, the optical
transmittance of the top component is still a limiting factor
in the hydrogen production. The transmittance, presented
in the bottom panel of Fig. 4, clearly shows a strong
absorption of light in the region where the iron oxide has
high efficiency (400–550 nm). In addition, the short wave-
length photon flux (300–400 nm) is completely absorbed
by the DSC before hitting the hematite. These photons
would be converted to current very efficiently by the
TABLE I. Summary of the performance parameters for each tandem cell architecture.
Architecture Jsc (mA/cm
2) Uoc (mV) Jpl (mA/cm




Back DSC 0.85 1420 2.67 1240 0.8 0.33 1.16
3 levels 1.59 1350 2.67 1270 0.94 0.39 1.36
Front DSC 1.06 1440 0.75 1360 0.52 0.21 0.76
First the measured device properties photovoltaic short circuit current density, Jsc and open circuit voltage Voc as well as the plateau photocurrent of the
photoanode are given. The operating potential Uop, operating current Jop, corresponding dihydrogen evolution capacity V(H2), direct solar to hydrogen
conversion efficiency % STH for each tandem architecture follow.
FIG. 5. Optical and electronic characteristics of the “trilevel” tandem
cell. Top panel: Solid line shows the incident solar flux. The IPCE of
the hematite (dashed line) is convoluted with the solar flux to give the
electron flux in the photoanode (shaded area). Middle panel: The solar
flux is convoluted with the transmittance of the hematite (dotted line)
to give the incident irradiance on the squaraine DSC (solid bold line).
The irradiance is convoluted with the IPCE of the squaraine DSC
(dashed line) to give the electron flux in the intermediate photovoltaic
device (shaded area). Bottom panel: The solar flux is convoluted with
the transmittance of the squaraine dye plus hematite (dotted line)
to give the incident irradiance on the black DSC (solid bold line).
The irradiance is convoluted with the IPCE of the black DSC (dashed
line) to give the electron flux in the bottom photovoltaic device
(shaded area).
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photoanode. The poor transmission of the squaraine DSCs
is the result of both the absorption of the TiO2 and the
tri-iodine/iodide redox couple—the latter having a high
extinction coefficient and undesirable absorption that
peaks at 362 nm. Both of these factors cause a significant
attenuation of the incident radiation to the hematite, reduc-
ing its plateau photocurrent to 0.75 mA/cm2, and despite
a higher short-circuit current and open-circuit voltage
offered by the DSCs in this case (1.06 mA/cm2, and
1440 mV) the operating current of the tandem cell is lower
than the “back DSC” case by 35% resulting in a STH of
only 0.76%. These results offer a wide avenue for im-
provement which, on the dye cell side, could begin with
an optimization of the choice and concentration of the
redox mediator in the electrolyte to increase the transmis-
sion in the 400 to 550 nm range. Alternately, the volume
of electrolyte needed could be reduced by including a
porous SiO2 layer (spheres) between the electrodes of the
DSC as a spacer.17 We are actively pursuing these routes
to improve the transparency as well as tuning the dye
absorption to further optimize this promising configura-
tion which, in addition to eliminating the use of a transpar-
ent substrate for the photoanode, reduces the problems of
reflection and scattering by the hematite photoanode.
The two above configurations both use two DSCs
arranged side by side to provide enough potential to
drive the hematite photoanode. Not only does this poten-
tially complicate the device construction, by requiring a
small space between the cells that reduces the active
area, but to scale the devices with the same active area
the current density passing through each DSC must be
twice that of the hematite. Even if the light harvesting
was optimized, this would be a limitation for the above
architectures, given the quantum efficiencies of the dyes
used, if the photoanode performed more efficiently.
A trilevel tandem [Fig. 1(b)] would eliminate the current
density mismatch, and each component in this inline
formation would experience the same current flux under
operation. As considering the “trilevel” configuration,
we chose the Black dye (N749) for the bottom compo-
nent given its ability to absorb and convert light in the
far-red region. This DSC was optimized to absorb and
convert the most light possible and to give the highest
voltage, as transmission is not an issue. We also note
that the SQ1 dye is well suited for application in the
middle cell, and it can absorb and convert photons
between that of the hematite and of the black dye. The
transparent components we already optimized for the
“front DSC” configuration were used here, and they do
indeed have absorption spectrum narrow enough to per-
mit light conversion by the bottom cell. Looking at the
complete outline of the trilevel system’s light harvesting,
shown in Fig. 5, we note that the top and middle cell
have similarly shaped quantum efficiencies and trans-
mission to the front DSC case, except with a different
magnitude IPCE and integrated photon flux given the
different operating point. In addition, the previous dis-
cussions of the light transmission of both the photoanode
and the squaraine DSC are appropriate to describe the
amount of photons reaching back cell—only about one-
third of the available solar photons in the target region of
700 to 800 nm reach the back cell. Despite this, our
analysis of this system yields the highest performance,
with an operating current density, Jop, of 0.94 mA/cm
2,
and an expected STH of 1.36%. This surprising outcome
is the result of the increased current density permitted by
the trilevel tandem over the other configurations as dis-
cussed previously. Indeed, the short-circuit current den-
sity of the solar cells in series (and tandem in this case)
is the highest at 1.59 mA/cm2. Incidentally, we also
observe a small contribution to the photocurrent by solar
photons not absorbed by the squaraine cell between
550 and 650 nm. Even though this system performs the
best, we can consider routes for its improvement—two
approaches can be considered. An increase in the IPCE
of the black dye above 650 nm will raise the current in
the system. This can be done for instance with the use of
photonic crystals that would produce slow photons and
enhance the light capture in this wave length region.18
To further enhance the performance of the trilevel sys-
tem with hematite focus must be placed on the dyes. The
optimal set of band gaps for light harvesting in a trilevel
tandem cell are 2.3 eV (540 nm), 1.4 eV (890 nm), and
0.8 eV (1550nm).19 While the optimal band gap require-
ments for this hematite water splitting is convoluted
with the necessity to have sufficient voltage drive the
photoanodes, it is clear that the development of a far-
infrared dye pushing the absorption and conversion past
1000 nm is necessary. This could then replace the black
dye in the bottom cell and a more broadly absorbing and
high-voltage dye, like N719,20 could be used for the
middle cell.
In general, our analysis has shown that light scattering,
reflection, and unwanted component absorption are major
limitations to the hematite/DSC water-splitting tandem
cell system. However, since the components of our system
are all constructed with similar conductive glass compo-
nents, the construction of monolithic tandem cells without
concern for dissimilarity in thermal expansion is possible
and would no-doubt improve the light harvesting.21 This,
and the continued development of dyes with tuned absorp-
tion, especially in the infrared region are necessary to
improve the light harvesting. In addition, a photoanode
delivering a higher plateau current is necessary for the
further development of this system. An increase in the
IPCE of the hematite photoanode, especially in the near
band gap region, would improve the “front DSC” case
remarkably. We are currently working toward optimizing
the light-harvesting and quantum efficiency of the hematite
photoanodes in our laboratories.
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In addition to the aforementioned limitations, it is
important to note that, in all three tandem cell configura-
tions considered, the operating current density was small
compared with the plateau current offered by the
photoanode. While this discrepancy could be interpreted
to be a result of an insufficient voltage provided by the
photovoltaic devices, it is more realistically a result of
the high overpotential needed for the oxygen evolution
at the photoanode. Under flat band conditions the va-
lence band holes in our hematite have an energy approx-
imately 1 V below the O2/H2O redox couple in 1 M
NaOH, and only 0.3 V should be needed to raise the
electrons to reduce water.22 However, we do not observe
a photocurrent onset until 1 V in our two electrode he-
matite/Pt electrolysis cell. Since about 0.1 V can be
attributed to restive loses and the overpotential at the Pt
cathode (based on three electrode measurements)8 we
can ascribe a 0.6 V overpotential for the oxygen evolu-
tion reaction at the photoanode. This significant energy
loss is the most important parameter needing optimiza-
tion for these water-splitting cells. We have previously
investigated reducing the photocurrent onset using a CoII
catalyst,8 and other groups have also recently reported
similar techniques.23,24 Further understanding of the wa-
ter oxidation kinetics in this system are needed to further
reduce the onset potential, ideally to a value requiring
only one PV cell to drive the water splitting. We are
currently working toward this goal in our laboratory.
IV. CONCLUSION
Through our analysis of the three possible tandem cell
configurations employing hematite photoanodes and
DSCs with dyes tuned to improve light harvesting for
each configuration, we found that given the current
state-of-the-art devices, a trilevel tandem architecture
(hematite/squaraine dye/black dye), produces the highest
operating current density and thus the highest expected
solar-to-hydrogen efficiency (1.36% compared with
1.16% which is the standard back DSC case). This is far
below the expected 3.3% that should be possible with
the nanostructured hematite photoanodes used. Reduced
light harvesting caused by scattering and reflection are
limiting the efficiencies presented here, and while device
engineering should improve the operating current densi-
ty using the current materials, new dyes capable of high
quantum efficiencies in the far-red and infrared part of
the spectra are needed. In addition, the improvement of
the photocurrent and especially the onset potential of the
hematite photoanode are needed to fully realize the
potential of the hematite water-splitting tandem cell.
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